Eight chimeric insecticidal protein (IP) genes were constructed between the 130-kDa and 135-kDa IP genes of Bacillus thuringiensis subsp. aizawai, and expressed in Escherichia coli JM103cells. The characterization of the produced chimeric IPs indicated that the variable region (VR1) in the aminoterminal half of the IPs is responsible for the insecticidal activity against larvae of Spodoptera litura and Plutella xylostella. The carboxy-terminal half of VR1was important for the formation of the 60-kDa active fragment in the gut juice of S. litura larvae. Also, combination of the other two variable regions (VR2 and VR3), which were in the central and carboxy-terminal portions of the IPs, appeared to be related to the solubility of the IPs in the gut juice.
Bacillus thuringiensis
strains produce proteinaceous crystals which are toxic to insect larvae such as Lepidoptera, Diptera, and Coleoptera.n Protein crystals of each strain contain more than one insecticidal protein (IP) with molecular masses ranging from 28 kDa to 140kDa. In particular, lepidopteran toxin crystals, which consists of 130-kDa to 135-kDa IPs, are dissolved in an alkaline gutjuice and are processed by gut-juice proteases to yield active fragments with molecular masses of approximately 60kDa upon ingestion by susceptible insect larvae.2) A number of lepidopteran toxin genes were cloned from several serotypes of B. thuringiensis and some of them were expressed in Escherichia coli3~U) and B.
subtilis.l2A3) We cloned both 130-kDa and 135-kDa IP genes from B. thuringiensis subsp. aizawai IPL7, which is insecticidal against lepidopteran larvae.14 15) Comparison of the primary structures deduced from the 130-kDa and 135-kDa IP genes showed that the IPs have 90.2% similarity in their total sequences and amino acid differences occur mainly in three variable 715 regions.
Also, both 130-kDa and 135-kDa IP genes were expressed in E. coli cells. The 130-kDa IP produced had much higher insecticidal activities against Plutella xylostella and Spodoptera litura than the 135-kDa IP.
In this report, we constructed expression plasmids for eight chimeric IPs by exchanging fragments prepared by the cleavage at homologous sites of both 130-kDa and the 135-kDa IP genes, and expressed them in E. coli cells to produce chimeric IPs. The chimeric IPs produced were examined for solubility in an alkaline buffer, proteolytic processing by gut-juice proteases, and insecticidal activity against larvae of S. litura and P. xylostella.
The structure-function relationship of the 1 30-kDa and 135-kDa IPs was also discussed.
Materials and Methods
Biochemicals. Restriction enzymes, DNAmodifying enzymes, and a DNA ligation kit were purchased from Takara Shuzo Co., Ltd. (Kyoto, Japan). Insecticidal activity. Chimeric IPs prepared from recombinant E. coli cells were assayed for insecticidal activity against larvae of S. litura and P. xylostella. For tests against S. litura, 1ml of a suspension of each of the chimeric IPs (1 mg or 0.3mg protein per ml of distilled water) was added to 13g of an artificial diet, which was then fed to ten of the fourth-instar larvae at 25°C.
Mortality was monitored after 3 days. For tests against P. xylostella, a punched cabbage leaf with a diameter of 5 cm was dipped into a protein suspension of chimeric IPs (2 or 0.2/ig protein per ml of distilled water), and then dried at room temperature. Ten of the third-instar larvae were fed on the leaf disk at 25°C, and mortality was monitored after 4days.
Results
Construction of expression plasmids for chimeric IPs Figure 1 illustrates the overall strategy for construction of expression plasmids for chimer- bodies of the chimeric IPs in the alkaline buffer.
Processing of chimeric IPs in a larval gut juice
The inclusion bodies of the 130-kDa IP (AAA) produced in the JM103/pTBl cells were incubated with the gut-juice fraction prepared from S. litura larvae in the alkaline buffer (pH 9.65). As shown in Fig. 4 , the parental AAAwas rapidly digested to yield a major polypeptide with the molecular mass of 62kDa after 2min of incubation. The polypeptide was then converted to a 60-kDa fragment during further incubation. The 60-kDa fragment was maintained during 8hr incubation. The 60-kDa fragment was purified and confirmed to be as toxic as the parental AAA against S. litura larvae. In addition, the amino-terminal five amino acid residues of the purified 60-kDa fragment were identical to the sequence from aminoacid residue 29 to 33 of the parental AAA(data not shown).
The chimeric IPs produced in the recombinant E. coli cells were also incubated with the gut juice in the alkaline buffer. Samples of the reaction mixtures were analyzed by SDSPAGEbefore and after incubation.
As shown in Fig. 5 , the chimeric AAC, ACA, and ACC (AXX) containing the amino-terminal A segment yielded nearly the same amount of 60-kDa to 62-kDa fragments as those from the parental AAA (Fig. 5, lanes 2, 4, 6, and 8) . On the other hand, the 60-kDa to 62-kDa fragments were hardly found with CCC, CCA, CAA, and CAC, (CXX), which contained the amino-terminal C segment (Fig. 5, lanes 10, 12, 14, and 16). The chimeric CACAproduced 60-kDa to 62-kDa fragments to a extent similar to that of the parental AAA, while the other chimeric ACCA showed faint bands (Fig. 5, lanes 18 and 20) . Thus, the chimeric IPs containing the carboxy-terminal half of the amino-terminal A segment yielded nearly the same amount of the 60-kDa to 62-kDa fragments as those from the parental AAA. Therefore, this segment seemed to be closely related to the formation of the 60-kDa to 62-kDa fragments from the IPs.
Insecticidal activity of chimeric IPs
The insecticidal activity of the chimeric IPs 721 prepared from the cultured recombinant E.
coli cells was tested against larvae of S. litura and P. xylostella. Table I shows the averaged values of several repeated experiments. The chimeric IPs containing the amino-terminal A segment (AXX) showed nearly the same insecticidal activities as those of the parental AAAagainst both S. litura and P. xylostella, although AACwas slightly less active against S. litura than the other three IPs (AAA, ACC, and ACA). The chimeric IPs with the aminoterminal C segment (CXX) showed the insecticidal activity against P. xylostella similar to that of the parental CCC, while CAAand CACwere less active against S. litura than the others (CCC and CCA). The chimeric CACA and ACCAhad much lower activities against S. litura than ACAand CCA. On the other hand, both CACAand ACCAshowed nearly the same activities against P. xylostella as those of ACAand CCA, respectively. These results indicated that the amino-terminal A segment is responsible for the insecticidal activity against both S. litura and P. xylostella, and the carboxy-terminal half of the aminoterminal A segment is important for the insecticidal activity against P. xylostella. The Table I is important for formation of the 60-kDa active fragment in the gut juice.
Comparison of the insecticidal activities of the chimeric IPs against larvae of S. litura and P. xylostella suggested that VR1 of the aminoterminal A segment is responsible for the activity.
In particular, the carboxy-terminal half of VR1 was important for the activity against P. xylostella, although the region was not sufficient for the activity against S. litura. 
